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ABSTRACT

A computer program for determining the optimum

least-squares estimates of spacecraft orbital parameters

and certain physical and observational constants has been

written at the Jet Propulsion Laboratory. A discussion of

the theoretical basis of the program and flow diagrams of

the computing procedure are presentec_. A description

of the operation of the program, including input formats,

is included.
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I i. INTRODUCTION

"['he Orbit Determination Program (()DP) for the IBM 7094 computer was written to meet the

specifications .f the Jet Propulsion l,abomtor) for a reliable and accurate meLhod of tracking and predicting

| -the motion of lunar and interplanetary spacecraft. The uses of the OIIP ,na_ conveniently he sepi_rated into

'_:._- real-time and noareal-time applications

_ Real-tim e applications
1'

[ "
I. To establish a re.liable set of ,rbitaJ elements h)r the .,t,ace_ raft.

}
_ q

_j-
e+ 2. TO provide an a t;quisition ephemeris for the world-wide network of tracking stations.

, 3, I'o dsaist .JPI, engineers in e_aluating the perfomtance o/tracking stations and the

_%" I .q_ality of'track.ing data.

)i" [ _onr.a'-,,me appll ca,i on s_._, 1. ]1"oprovide a high-speed computing method nec_;ssar> for orbit determination and tracking

data' acc:,racy sludies {pre-mission).

[ ..
2. To provide a high-speed computing method necessary for a s.phlsticated orbital analysis

I ,based i)n large number,_ _if observalions (paul-mission).

_" in addition t, establishing the six initial conditions of the spacecraft, the ODP has the capability

}_ [ o.f solving for 12 physical _const_!_ts and the latitude, longitude, and F:arth radius at l_ tracking stations;.

I"rom this set of 63 paratneters, a subset containing :tom one to t_enty is extracted by the user. "ille ODP

.,., [ obtains solutions for the parameters in this subset.

_.!" [ The Ol)l '), since it mu_t have initial estimates of the spacecraft arbit and Ihe other parmneters, is
an orbit improxement program. It di|ferential|y corrects Ihe estimates by means of an overdetennined system

,,,,,; [ of equations, employing a modified least-squares method. ]'he m 'thod of establishing the system of
2_

_ii,, equations may be briefly outlined as follo_'s:

,_:i [ 1. Input estimate of orbit.

,. 2. Write probe ephemeris tape based on orbit estimate.

i:

1964014209-005



I!
JPL Technlcal MemorandumHa. 3.1-168

D

It 3. Reed ith observation from data tape, Gi. This obs, rvatio, may be ,flant ranse, range rate,
one of four angle types, one of five doppler types. >¢cmltation time, or impact time.

I 4. Using probe ephemeris, determine the value of the )beervation based on orbit estimate,

F i•

_] 5. Obtain the residual, AF i = G - Fi

t 6. Calculate the partial_ of the observations with respect to the n parameters to be

estimated, c)Fi/;_ l, ..., OFi/OQn

7. Multiplythe vector of partials by itself to forms _atrix ]_

Jl 8. Add/: to the accumulatedmatrix]* " ' *
= ]1 + 12 +''" �fi-I

9. Multiply the vector of partials by the residual to form _ vector R i

10. Add R i to the accumulated vector R = R ! _ R 2 + ... + Ri_ !

[j_ ]l. Repeat steps 3 through 10 until el! observations are processed.

12. Solve the normal equations ]*AQ = R for the vector of changes to the estimate, AQ

13. Repeat steps 2 through 12 until process converges.

II "/'he ODP is w/'itten on magnetic tape in ten records or links. Each link constitutes a logical section
of the overall orbit determination. The program is started by reading the initial link into the 7094 core. This

|'I link performs its part of the processing and calls in the next link, and so on.

Input to the ODP are punched cards, a data tape, and a planetary ephemeris tape. The cards are

punched by the user, and specify the initial estimates of the parameters and the desired ODP options. The

data tape is prepared by the Tracking Data Editing Progranl (TDEP). Written on this tape are the observations,

] ! identified by time and tracking station, and wei_ting information. The operation of the TDEP is discussed

in Ref. 1. The planetary ephemeris tape contains the positions of t,t,e Moon, Earth-Moon ban/center, Venus,
t
! Mars, Jupiter, end Saturn. The velocities of the Earth-Moon barycenter, Venus, and Mars are also written

on the tape. This tape is presently used by ell flight path programs at JPL. The probe ephemeris tape is

written by a modification of the JPL Space Trajectories Program (Ref. 2). This prod'am is one link of the

ODP,

,Il ,
b
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" I The OI)P may be operated in the utility mode or the op,_rstional mede. Under the utility mo_.'e,all
optics of the ODP are available to _," user. The operational mode is used _n$ the first hours of s

¢

i I mission when u strict sequence of events must be observed. Most options and parameteY, are pre-iet and
humanintervention is restricted. The parameter subset consists only of the six initial conditions.

i I Pro_qqmmingof the ODP began in January 1%2. The first operating version was cc_npletedin

Auger 1_'_ l_r the Mariner-R mission. "l_e p_gram al_ found real-time application in the Ranger-5 mission

il I o! October 1062. Since January 1963, the programhas been used extensively in post-processlntS M_viner

_: and Ranger data and in the planning of [uture missions.

-!
k

?
?
_ r )

,,[

_p

"[
i'

,!
t

i,[

{,

3

o

1964014209-007



JPL Technicol MemorandumHe. $$-IM
i i , _ i ii ii m i , ii . -- ......... _,_-_imuD

II. THEORETICALBASISOF THEPROGRAM

A. Motio_,of the _acec,eft

The vector equation o| motion as used in the 01)I ) may be written as follows:

n

r = - /_k r3.... /=I _/ \-'--r3/P + -:i ' r({)Bl') + rtPl") + r(Hp)

where

r

- _k ..... acceleration on the pr,,be dl_et(_the central b.dy (i.e.. the two-body equation)
r3

r
/#

-,_. -.... acceleration on the probe d.e to the/th c,fthe n - ] perturbing bodies
/ r3

IP

f.

/ a('('eieration _n tl.: central hod) due to the/th body

/

r(OBi.) acceleration on the .r_)be due to the oblatenes.q of the F:arthand,,or Moon

r(pF.) ; ace_'leration ,_n the probe durinAthe powered portion of its fliKht. Used only w_en

computin_ pointinF predictions

r(Hp) acceleration on the probe due to the presnure o[ solar radiation

In the OBF'. che solutions to the aho_e equati-n_ of motion are written on the probe ephemeris tape

for n series of time point,_ durin_ th_ tr_jector_. The solutions are obtained by a .tepwise nume_cal

intet_r_ltion_)f the equ_qi.ns i_1the (:o_ell fqn.. n_ ,_b*)ve.The inleKration i. accomplished ualn_ an

1964014209-008
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I aa_m_J_iui_n,.txth-di_f®,_,emethod,,ariedby" nunge-K_tt,l_o_e,s._e tim_,intervali, _ovemedby
the dlstU_ of theprobe ftuin th_ e_g_ral body This entire procedure is outllne_t in detail in fief 2 The

L bl

phasin_ u _tplained in this lleference in &_mein the ODP adaptation, but the pro_ ephemeris ie_always

¢ writlea in 8eocentri_ equatoiial coord|nates

I I 'ri,t. on th." pro_.i_hemeii_$ tape at _ac_ .tap int.rva, ..e the pos,,fon, veloci,y. 'nd.ec.'er.,ion,,

_! of tho_obe, the nutatlona in longitude _mdobliquity and the _ partial derivatives of the form

I
!:_ , a.,o :% o;o

referred to as the solutions to the variational eqpafions or as the U matrix The formulas for the p_rtiala

_1__; and nutatlons are found in ReL 2

o|_ The subroutine LOOKUP is used by the ODP to interpolate the probe ephemerides Following theA

: 1 initial entry all positioning of the tape is automatic The parameters are obtained as a function of time by

ii t fifthdegree l agrangian interpolation of the formI
: ._(t) = X l/,(t_x(t k)

k=O

where

' 1 li(t) - (t-to)"'(t-ti-l)(t-tiq)""(t-t5)
(t i-t 0)... (t, -ti.i)(t t - ti+ 1) ... (t i - t5)

1
I I,OOKIIP also computes the third derivatises of position for doppler calculations. The accelerations nr,e

numerically differentiated by means of the derivative of the l,agrangian formula.

E in obtaining those terms of the equations of motion which are a function of planetary positions lhe

_ trajectory link and the other linke make use of the JPL plsnetnr7 ephemeris ape The tape contains

|.ii,, ephemerides of the Moonat a l-day interval, and the ephemerldes of the F'arth-Moonbarycenter, Venus, Mars,

<| s!i
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)
: Jupiter, and Saturn at @day intervals. All ephemeridea are based on the mean equator and equinox of 1950.0.

An Everett inteq)olation isuaed toobtain ephemerides at any time. in the ODP the following rotation is

:, employed to obtain the ephemeridea in the true equator and equinox of date system:
t

"c- = 23°445759 - 0.°01309404T - 0.°88 × 10"6 T 2 + 0°5 × 10 ..6 T3

(x(; = 10090?55426 + 07985647346d, 279015 x 10 -13 d2 + c,_+ AN cos -_ (mad 360 °)

l Iz f dart" 1950.0

E °.

] - _._, ,'as • - AA sin _

A = .'__,.'_.os , ) -Ae

A,', sin e ,._, 1

all = 1-0.'.a)697 , 10 -3 7̀ 2- 0.13 < 10 -6 T 3

a12 = - 0.0223_988T- 0.676 _ l0 -5 1"2,0.221 × 10 -5 T 3

a13 = - 0.00971711T, 0 207 _ 10 -5 7.2 • 0.96 x 10 -6 T 3

a21 = -a12

a22 _ 1 - 0.2t976 _ ]0 -3 7.2 - 0.15 × 10 -6 T 3

a23 = - 0.10859 x 10 -3 7"2 - 0.3 _ 10 -7 T3

a31 :_ _ a13

a32 = a23

a33 = 1-0.4721× 10 -4 T 2 _0.2x 10 -7 1.3

6

1964014209-010



I
JPL Technical Memorandum Ho. $_ 168

i .... i • i i

I where

i T = Ju|ian centuries past ]950.0
d = integer days past 1950.0

s = seconds past Oh of dth day

I _,_ = earth rotation rate

= mean obliquity

I a G = Greenwich hour angle

AE = nutation in obliquity

A_ = nutation in longitude

I
The oblate potential function for the Earth may be written as follows:

[
-- I + ---- (l-3sin 24) * ---- (3-5sin 2_)sin _t, + _ (3-30sin 2q_ + 35sin 4_)

3r2 5r3 3,r_-4

where /, H, and D are the second, third, and fourth harmonic coefficients, R e is the Earth's equatorial radius,

,/. ts the geocentric latitude, and r is the geocentric distance of the probe. The perturbative accelerations

on the probe due to the oblateness terms are included in the equations of motion.

The use of the Space Tzajectories Program by the ODP is such that upon each entry, the current
values of all parameters are used. Thus if the ODP adjusts the radius of the Earth, the updated value is used

by the trajectory link during the next iteration.

The trajectory link, and all other links of the ODP, require the initial conditions of the spacecraft

orbit to be in the geocentric cartesian system, true equator and equinox of date. However, provision has been

made to accept the initial conditions in the Earth-fixed spherical system:

[
[
I

1964014209-011



JPL Tech, ical MemorundumNo. 33-168

i - . • • i i m i i J. i i • i ii

-1 r0 = geocentric distance, km

_o = geocentric latitude, deg

t X0 = geocentric longitude, deg

.] v0 = geocentric velocity, km.'sec

rio = elevation angle of _elocity relative to earth, deg

t o"0 = azimuth angle of velocity relative to earth, deg
J

all at tO, epoch. These are then translated to the cartesian system for internal use:

x 0 = r0 cos _D0 cos (tag + _'0 )

YO = ro cos ¢0 sin (a G +/_0 )

20 = ['

_0 : (l/- oA3 cos_L(;- (1 + _)sin _G

YO = (_'- "|') sin :_G + (V + _,l') cos cxG

:0 = II"

where

6' = r0 cos _0 cos :_0

V = rOcos ¢Osln _'0

W'_- rOsin ¢0

U -- v0 (sin _'0 cos _0 cos _'0 - cos 70 sin )_0 sin o 0 - cos ';'0 si_. ¢0 cos _'0 cos crO)

I: = VO(sin)'0 cos ¢0 sin _'0 * cos ?0 cos _'0 sin c_0 - cos "/0 sin _0 sin _'0 coa _0 )

II'==v0 (sin"Yosin¢0 _cos"×0co_40 coso"O)

Thus,thefirsttransformationistotheC, I,',Irsy'otemofEarth-fixedgeocentriccartesianelements.

These are then converted to space-fixed geocentric by means of the Greenwich hour angle, c_G.

8

i

1964014209-012



JPl. Technical Memrmd_m Ho. 33.168

I B. The Hormel Eqvotions

i The complete form of ihe normal equations as briefly presented in the introduction io

i=1 i=!

where 7_i _ vector of p,lrtial.q c)Fi/cTQ asso_'iated with the ith observation

wi = a weight, which is a function of the data type Fi

I F = an a priori covarien_e matrix (preliminary knowledge concerning the n parameters

I to be estimated)

AFi .-- the residual, G i - F i

&Q0 = Qo - Qv-I where Q0 are the a pri,_ri estimates of the parameters and Qr-I are the

l estimates obtained from the (r- l)th iteration

I "l'bus, in :he notation ,,f the introduction we may _rite

[ (It * _-1) AQ = R + !'"-! AQ0

!
and if F -i , 0 (i.e.. not input to the program)

l
/*AQ = R

it is evident that the solution of this series of equations requires a matrix inversion as port of the
stepwioe regression. In the ODP, the solution is obtained by the subroutine STPREG. It normalizes

./* , _-I before inverting. Although the inversion is primarily necessary to obtain new ._Q values, much

1
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sts:isfical information can be obtained fromthe inverse itself. For example, the set of values _ (where

j is an element of X"t) represents the standa_d deviations on the set AQ/. The entire l "! may be used to

determine correlation coefficients between the n panunetere. Or the ir.s_x may be used as an a priori

estimate for a subsequent orbit determination.

The co-_arioncc matrix of estimated parameters is defined as

U = l -I + /-IK] -t

wh ere

j-i = (]* + __!)-I

and

where

l'_ = a priori covarisnce matrix of the m considered parameters

N

v= _ _i w-i 0T (8i is the analogous vector of partials of considered parameters)
i=1

From the above, it is evident that the ODP user can consider the effects of uncertainties in

parameters without changing the solution vector AQ. Thus, for example, he may ask the ODP to estimate the

six initial conditions and to consider the uncertainty in the astronomical unit. The solution obtained for the

orbit will be exactly that obtained without the consider option, Imt the statistical information on the elements

will be corrupted by the uncertainty in the astronomical unit.

In choosing the weights to be applied to the partial derivative,,, the user must reeall that the partials

of all data types are accumulated in the ] matrix_ therefore the function of the weighting is twofold:

10
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I 1, To describe the user's confidence in the data.

2. To eliminate the effect of different laboratory, units.

I The use of the a priori U (or V'I) is optional in the ODP. The absence of this matrix is interpreted

to mean that the user has no advance knowledge of the parameters to be estimated, i.e., he has input aninfinite diagonal. In this case, the ODP will calculate AQ based on the ] matrix alone.

I C. The Dote Types

I The ODP has the capability to process 13 types of tracking data. These are:

p slant range, km

I _ slant range rate, km./sec

"/ elevation angle, deS

azimuth angle, deg

_ declination, deg (tracking station or optical telescope)

[ a hour angle, deg (tracking station)

I a r rig_,I ascension, deg (optical telescope)
f! one-way integrated doppler frequency, cps

fr3 coherent three-way integrated doppler frequency, cps

f3 three-way integrated doppler frequency, cps

fdl differenced one-way integrated doppler frequency, cps

TO time of occultation by target (immersion or emersion)

_ [ Ti time of impact of target

!! Of these data types, all but occultation or impact times are processed by the TDEP; the latter are

input directly by card to the ODP.

i'__' 1
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i The ODP, in order to obtain the residual, mu_t calculate the observatiop F that eorreaponde to the
i
x observed value 6 The calculation of F involve_ more than the geometric considerations; allow_.'es must

be ,nude for the p_opagation time ,,f light, the errors due to refraction, and differences between geodetic and

r geotentric, statim, locatlon_. The _tation e,rors will be discussed in the following section, qhe light time

, cotrecu,-a is made as follow1,:
¢

i (r - R_)
[ t - rob ..........

C

wh c..rc

i g = time at prnbe

¢

I tob :- IIIllCof observation

] r = _,/x2 . )2 . :2. obtained from probe ephemeris at t

t R = earth radius
t'

c -- v_:i,_tit) ol l'isht

Ibis fom.,la _s applied twice i. a. iterative The iteration is since a change in t forces
prt,t ess. necessary,

a thange ia _. The change in t on the second iteration is so small that a third iteration is unnecessary. A

furthe,' cs_:t.,l_daLv)cotTection is used when coalputing doppler types (see below).

A descriptive of the data types with the equatio,ls used in their calculation follo,vl_. The following

_ymbols and tcnr_mology are employed frequently:

r, i' = (_c,y, z, ._',_, _) := geocentric position and velocity of the probe

P, b "- (_, vT, _, _, y/, _) = topocentrir position and _elocity of the probe

Ri"R, = (Xi' Yi' Z, ,_',, )'_, Zi ) = geocentric position and velocity of station i

rs' ;s *, (z,, Ys' :_' x._' Ys' :s ) = _eocentrie po_ition and velocity of the sun

12
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$1unl m_e is the _st_ce f_omprobe to tracklns station, or ]p I:

' Pl " }' (t) - t_ (rob)[

Slant _'v_,_erate is the radlsl velocity of the probe with respect to the tracking station, o: I P [:

• _i_i h�L�H�À�_iq
Pi =

Pi

wh ege

_t = x(z) - Xl (to,b) s .. y, z

" Elevazion _d hour tingles are shown in the following topocen'-ic octant:

'_ /_ ZF.NITH)

' S

/
IE_N (NORTH)

• (INTERSECTION-MERIDIAN PLANE AND HORIZON PLANE}

Elevation il|e ia angle ST[ in the figure, while azimuth angle (in the ODP measured east of north)

is angle NTI.

• _i" nini[-_l (XiLx+}',Ly+ZiLi)]'-90Q- < "/, <- oo°

¢

13
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_here

_ "t- X 5

l. x _ ....... , x-.y,z

sin ,:7i t° i = tan-I ...... O_ 5 °i _ 360<_

Ly cos (a G • ,\i) - L x sin ('"6 ' ) i)
sin _t :

cos _ t

- L x sin q_i cos(at; + ;,.i)- I,_ sin (a G. &i) sin /'i * Lz cos¢i
_.0,_ J i "; ............................................................

COg _$

where

'_i : geocentric latitude of station i

'_'z : longitude east of Greenwich ,J station i

a G = Greenwich hour angle ,)f vernal equinox

l/our angle, right ascension, and declination are _how. i,_ tile follo_ing geocentric oetant:

P (POLE)

_ (STATION MERIDIAN)

Y I _ (SPACECRAFT)
(VERNAL A 1 _--( PLANE OF

EQUINOX) EARTH EQUATOR)

14

1964014209-018



JPL Tachn6calMeme,rondumHo. 33-168

Ri6ht asc_ai_ |l uSI® 7TA, hour angle is susie ITA, and decliuatlon is angle STA.

I OO_ 8t _ 90°

I if optical right ascension ib input to the ODP, it is converted to hour angle by

I °i = _G 4 )_'i - _ri

The orbit determinatibn then proceeds as if hour angles were input, except dirt it makes a special refraction

correction to the optical right ascension and dec|ination.
The following doppler types are processed by the ODP; one.way doppler is the difference in

frequency between a signal tranamltted at the probe ,_ndreceived at O.:estation. The difference (doppler
shift) is proportional to the radial velocity of the probe with respect to the station. This difference may also

be computed fromu signal originating at a tracking station. Three-way doppler is observed at station i wt,en
another station (q) transmits a signal toward the probe. The probe retransmits the sit_ial instantaneously.

it is then received by station i where frequency shift is determined by subtracting the transmitting frequency.
'l'ne coherertt three-wcly doppler shift is obtained directly by beating the transmitted frequency aga:,n_.t the

received signal. This data type may be obtained at the transmitting station.

Let F(lob) represent the instantaneous frequency of the doppler shift observed at time tab Ly any of

the above methods. Unfortunately F(tob) is never directly observed. Rather, a counter is tamed on and after

some interval of time "rthe value of the counter [(tab) is read. -r is of,_n set to one second in order t_t

[(tab) be taunted per second at average frequency. As instrumented in the DSIF network the cou.ter advances

as the sinusoida_ doppler signal chanses fromminus to plus, Thus the integer count may be in error by as

much at one cycle dallas the interval .r. hi practice 'r is set large enough as that this roundoff error is

insipiflr, ant with respect to the overall aeeuroc) of t)_e computer protl.'an;

1964014209-019



f(#ob)is rOferredto _sintetFateddopplerbeguency:

tob

vrob-_"

Or, a_it i_ comput_bytheODPatthemidpol.tof thecountin_ interw". T ,_ rob - _ 7":

f(t.b) _ F (t)

it is possible to obtain [(gob) by direct ncmerical inteLipratJonof this fonuulo,bit the process is quite time

con_,uminS lad very ([ifflcuhin view of the liRhttime correctiondiscuss,_ below. ThereforemTaylorseries

is expandedabout T andinte_nted t,etmby term leading to

7-_ **

[(rob) . "r F(T) + _ F(T) + OfF_v)
24

|

Thus the truncationerrorin thi_ formulais a function of "rand&e fourthderivati'veof _e fwequeucy.On a

typical trajectorythe hisher derivatives of frequencyore Inrseenou_ near Earthso that "rmustbe _hortened
J
, to avoid truncationerrorin the aboveformula.This unfortunatelyis Jn_onflict for the previous arpment for

longcounttimes, eo • compromisemast be mede. 1lie ODPwill accept any tntelPercount date in the sense

I < -r < 1023seconds.

The foliowi_L_formulasire used by *heODP in computin8 dopplertypeas

fl " _"i- _':_e[fT�D (t- ,o)] ¢!

fs " - fqO's

16
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ttr : time of eignal tranamiosion by ststlon q

t = time of signal retransmission by probe

rob = time of signal reception by station i

tO = epoch of current orbit determination

In obtaining .recise coordinates of the probe at time _, a secondary lisbt time approximation is made

which is of sufficient accuracy to make multiple interpolations on the probe ephemeris unnecessary. As in

• the calculation of the primary correction At, which defined t_.e approximate probe t_me t !, this procedure

! requires two iterations:

rt + Et= rtl rl|

[ r ' .+

= +

t rt I tt ft l

.o +• •,

i r t + _ rt
• = rt l t i

o,+ •..

r I = rt ]

p+ Atp

At2

e t = At - _2

The procedure is then repeated wish the calculated e t.

oo,

The scalar p used in the counted doppler equations is obtained from the geocentric probe and

station vectors:

p = r- R

! •

p =r- R

18
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i i t ,l, i

I
I p = (p. p)'/,

e.. o in

PP = p. p + 3p. p- 3 ,_P

.. _o. [
Differenced one.way doppler may be obtained only when two stations receive one-way doppler at the

same observation time. It is an artificial data type calculated by the TDEP:

, The TDEP and ODP observe the convention that i < j in their numerical identifications.

Occultation time in the ODP is the instant of immersion or emeraion of the probe behind the target

i I_ody as seen from a tracking station. The ODP uses a Newton-Raphson iterative procedure to obtain this

data type, using the observed value as an initial approximation. The data can be from a Moon, Venus, or
Mats target but is normally obtained from lunar missions only.

For the rth iteration,

/T(r) T(r-l)_ P .J. -._vo --o / __ " %,-_p

i dt 7,_r_
MOONS CENTER

[ //_q[L (MOON'S LIMB)

[ *"°-'
" _" I £ARTft

1 19
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where

RM

qL.¥= angleCS[_.= sin-I

i:mt

P ' Pm

qbp = angleCSP = cos=I
Ipi!pmi

pm -:rm - Ri

R_ _ radius ofk|oon,distance CI.

rm -_ geocentric position o| Moon

= ..... + ..... a4 +

2 02 v/r_m2 2dt aI \ '/ _ "m - Rm

a, = Ipllp,,,Isiu. p

a2 = P" Pm

a3 _ Pr_ " Pm

a4 = P "Pm + Pm " P

impact time. the instant of the probe's impact on the visible side of the target, is likewise calculated by a

I Newtoa-Raphson procedure:

D. Refraction and Vertical Corrections

Two types of corrections must be applied to ODP-calculated data types in order that theymatch the

observed data types. They are the error in refraction (Ar F) and the displacement o| the bubble vertical from

the spheriodal zenith (Av F).

2O

L

I
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W_ ere

bt = 1.0 - (1.216 × lOs b3 _,o_) - [51.0- 300.0 _4]

b2 _- [7.O × lO'4.'(O.OGa9 + _,,#)] - S._ x tO-3

1
b3_

103 (r- Re)

")'tad_ elevation angle, radiann

R e _ Earth equatorial radius

The optical hour angle and declination corrections are,determined as above but Ar'y is calculated

differently"

P-bs /

where

0.00211
b4 :: _

(Trod _ 0.0598) 2.42

_ =,/_-R_,_ ,i._y-R_,iny ,

b6 _. Re+51.2064

The vertical corrections are

v :!
C08 @

Av T = u cos _r

sin T
Av_ = u sin_-._,

cos T

A,,8 = 0 "_

22
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i where **-
// ."

u _ nor&.iouth displacement of vertical

| ** v = abner-west displacement of vertical

I E. The Petial Dertvefivat

I Severn| methods are used to obtain the partial_ of the form clF/_7 for the many data types F andparameters Q.

I The parameters are of four types:

1. Type ! (initial probe conditions), denoted by r0

| .-XO' YO' :0' xo, YO' ZO

2. Type II (physical constants), denoted by q
GMe Earth gravitational constant

Re Earth radius that scales the lunar ephemeris
"yB solar pressure constant

GMm Moon gravitational constant
.it maim of Venus

t'

Mr mass of Mars
,Wi mass of Jupiter

] Earth second harmonic coefficientH Earth third harmonic coefficient

D Earth fourth harmonic coefficienta astronomical unit
e

3. Type Ill (velocity of light), denoted by c

4. Type IV (station locations), denoted by Si

_L [ R i Earth radius at station i

i '_)i geocentric latitude of station i

x;,

_!- _'l longitude of station i

23
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Occultation and impart tinie partlal8 require a somewhat different computational logic than TDEP

data partials,, and will be treated in a aepJrate subsection.

Types 1 and I! partials are obtained by means of the chain l_le, i.e,,

OF cTF &

8r0 #r _r 0

where r = a position or velocity at time t.

'l_ere[ore the calculation of p,_rfials of data types'with respect to mstmstaneous position and velocity

is necessary. Using the notation of.the previous sections these partials may be written as

OPi c3Pi . .
= Lx x.y,z ---- = 0 x-,y, z

ax al

........ (;' _ _Yi - P_ L,,_ -_ = Lx x . y. z
a,c p_ al

OPi 1 (Y _v x P_iL>)
c),/ f,

1

a,_ l
.......... (_- Pi 1",)

Oz Pi

_here co = Earth rotation rate

o_i Dx

cTx _:,

#9'i . . .
=-- = 0 / _,y,z

24
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I where Dx = sin*-/i [sin o'i ,_in (a G • k t) + cos _i siu _ cos (a G �)_i)]+ cos g)i cos (a G + _g) cos 7l

il[ Dz = -coso ieoS_isinT l+Sin_ir_sTi

g Ox p_

_,_:

.... 0 _-.y,.

o;

i' I where

" _ [ A_ -- -cos(7 isin (_G �_'i) + sin c_i sin qbi eoe(a G +X i)

_y = cos '_i cos (ctG 4-Xi) + sin a_ sic _bi sin (_G + _i )

[ A" = -sin ct cos4i

'[
.... _- 0 x -., y, z

Ox Pi O_

OBi -sina n sin 8i

o_, p_

O_i co_ 8i

I c): Pi

I 0a i sin ari Oa i •..... o ,.;,;
.o, Ox o_cos 8_ ,_

25
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Oa., - cos _zr_

b Pi cos 8_

Oc_i

Oz

Ofu f_ Opi . ,
_ = x _ y, z, X, y, z

0* c Ox

= _ + X -_ y, Z, X, y, Z

Ox c \ Ox O_

= _- + -_ X -* y, Z, X, y, Z

Ox c \ Ox Ox I

...... X -* y, z, X, y, ,

Ox c \ Ox Ox /

where

f22= _2 [fr _ D (t- to)]

)

I

i

After the above partials are calculated, the Type I partials are obtt_ined by the chain rule. The I

partials Or 0 are interpolated from the probe ephemeris tape. t

The same procedure applies to the Type l[ partials except that the Or/Oqo are not on the probe 1

ephemeris. |lere we mwst returnto the equations of motion and derive the |otmtllas for the part,sis of tsccele-

ration with respect to physical constants. O;'/Oq. These partials may then he numerically integrated to obtain

Or/Oq: O_ - *g!

OG_Ie rs
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c_Me r3

I Oz -zs2

I 8GMe rs

where

[
t , o,. [,,o(;;)']- _

[ ,,,, +['
..... 2xm 3 x-,y,zORe Re If. -l'i= r3m Ir. -If5 lt'tn-r 13

l
#x e1,4p(x- xs)

= Mp x-*y.zoTD ;r - rs }3

I where

I Cl = 1.02 x 10a
.4p = surface area of probe, m 2

' 1 Mp = mass of ptvbe, kg

*_ 27
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...... + - - 13 Z _,y,z_GV m !r m r

.... G._/5 . ...... x -, y, ,'

""" Lr,' I,,,,-,:J

..... G,K_ l x _ y, :"

a,,t, t,, - ,"t s

a_ r _/ (,,-,/)-]

.......rBIi GMs L'---_3 + f ti-r t3-J x . y, :

(-;-1']_,. GM,, R 2,,
....... • -5 ..... x--,y
c_] r2 r3

..... : I-5

a] r2 r 3

L(:)]O_ 2 z G'Me R_
..... _ " - -3 .......... x -.y
_11 r r 3 r"1

- I'].... 1- i0 _ ..........
!

JIt L. 3 5 r_ r s

.... _ -42 , 63 - x -.y
Jl) 7r 3 r4

....... z 5 - 70 _ 63
JI) 7r s r4

\

1964014209-032



I
JPL TecSnteel_morcmdumNo. 33-168

I • iJill i I I I iiii i __ _ -- _ I ii im i i • '| i i i i

-- - = ........... X -, y,'Z

(;M, , [r, ,P 3a,,, o, ,/, / I,, - ' is

where

I k = 1 : Sun

i k = 2- Venus
k = _ = Mars

k _ 4 = Jupiter

Using the above acceleration partials, if

I
0 _2 . • • 0

: I 0 0 • • • 0
,

_: I o o ... o

, B = OqI Oq2 0%

_ I #q I Oq2 e_qn

Oq I ¢)q2 Oqn

1

| ,,
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Ox ax
\

0% o_0

f ;.o .... 0o I
i .... ° .....

dXo az 0

{
axo a; o

i o" o"
• . ° °

i)_o O"o
!

i
and

,'x ax
. •.........

dq I 3%

] oy o_|

Oq I Oqn

Oz O:

3q I Oqn

T _ o; a',
.... . , ,

dq 1 C)qn

4 4
3q I Oqn

a; o"

OqI 0%

1

1
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I then the partia|s dr',Jq are obtained from the following integral using Simpson's method:

T(t) =: U (t (t*) fl (t*) dr*
J t o

I ]_ne bimpson procedure uses an i'_tegration step based on the data 6rues; if no data times exist in the interval,

the ttme steps emplo)ed i. the trajectory integration are us(:d. "lhe inverse of the ( matrix is obtained not

I by"th_ u.',;,d numerical methods hut b_ an inspection method. If the t matrix is partitioned

I [ =
(II! i (112

, (,' ......... -t .......

L U21 U22

[
then the inverse may be written as

I
I 17" : ,T

L ' ].?" i ,7

" ii I _.l , {'It

I The loli0win_, constrain', between the astronomical unit and the solar and planehlr) gravitational

('onstants is employed when the value for a e is sol_'ed [or the ODP:

[
_:- [ Glls -_ 3.9640160, 10-14 a3

!!
: U

_'_',I" Gff, -= ---It,_GM_.

i, , Itr

' 1 GM r ..... G,|t.¢

i> GM! .... G,tl

31
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The Types Ill and IV partials, OF/at and OF/OS l, are calculated from explicit formulas with no

integration or chain rule application necessary. The velocity of light formulas sre:

O/;i - Pi
i

Oc c

C)Ti 0o i _di c)3i

Oc Oc Oc Oc

Ofl_ - f_2Pi

c)c c 2

af_3_,v-Q4

aC C2 (Pq �_i)

0c c 2

0c c 2

'l]_e partials with respect to station locations are derived from the data type equations and the equations for

Ri:

X i _ R i cot_(a c. h i) cosq5 i

Yi = Ri sin (a. G + h i) cos _bi

Z i = Ri sin (_i

32
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=, _ (Xi Lx + Yi Ly + Zi L.)

i I ORi Ri
%
} OPi
..... _ { [L x cos (°G + Xi) + Ly sin (at; _ )-i)] - Lz Ri cos _'i "

i|
_. - .... }i 1,x - Xi L

0_. i

:lb

i: I ....... (,'iL: ,-Y L./. Z L:)
_, aRi Ri
}?

• ' L ' \i)i L' R_ cos 4 i)Z (L cos (,n G - _-i ) _ sin (a G _ _ z...... = - x )

?

Ox.
g

"" 1 where

!
, _1 (_y+ 2:..'Xi + p, Ly - _x)

Ly = Pi

l , 1 "
Lz _ _ (- z + ;'i Lz)

i. Pi

-, l
,, 4_
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ORi Ri Pi

. _ {Z i [Dxcos(a G+ h i) + DyBin (¢G + X)] -D zR_cos_i }
Ohi Pi

= "_ (YiD_- X iDy)
O_i Pi

&r i - 1
(X/A, + Yi A7 + Zi'A z)

ORi Ri Pi

Octi I _

= -- {Z, {A'x costa G + Xi) + Ay sin(or G+_.i)] -.4z.R icos_b i)

8<ri 1 .,.
= _ (YiAx - Xiay)

Jki Pi

O_i
0"/i (D x) -. _ (D x)
OSi OSi

Oai ,._ Jt_i
(A) -.._ CA)

0Si O.Si

where

/
D__ = -sin 8icos%i

Dy = - sin _i sin Ctri

Dz = cos Bi

..tx : -sin ari

,_y : COS O.r_

A =0

34
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ofl_ n2 a_,

OSi c 85i

$

_i aSj c as_

:-.[ ai3i.q;_6a_

; [ OSi c &_(

, afdu, i _ ap_

OSi c OSi
L

• [ ai_3i,q_4 a_q

•
af_,q = ,:,, opq

P

[
.','" af_,,i % a_

[ a_ c ,_si

The following partials are necessary for the calculation of occultation and impact time partials,

which are obtained by chain rule application:

' ax i x i
X -* y, z

ORi Ri

l ax i
-- = -R i sinai cos (ctG+ 3,)

, a¢,_

•_°"l

.+

• , %._ .^,.._.x

......,... T" " I
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-- -- - Rl sin _i sin (ac + _*_)

a3xi
= -Yi

o_Ji
_ -_ x i

¢)z i
_ _ 0

¢)ri ari ari
_ _ 9 _ _ 0

_ro Oq ae

{_xm _m

aRe Re

arm arm ar,,n

_ro _c aSi

a%
w = 0

' aq
q /'R e
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i I impact partials are by

The oceu|tStlOU end time obtained

"

I . p.'

"I
-

[
_ In the derivation of the above Nrmulas, the partials of the radius of the target with respect to the ODP

physical constants, OR/o_Q, were assumed to be zero.

I F. Weightingof the Partials
Weighting in the ODP is accomplished by a pri,_rimethods. The normal scheme as devised by T.

i_ [ llamilton employs a codeword which is used in a table lookup procedure. This codeword is input to the TDEP,
f'" which passes it to the ODP as pdrt of each data record. The word ce.nsists of six groups of three bits each.

_' ! 7. The value of each group (0, 1, 2, 3, or 4) deteemines a part of the weight, whi_'h is calculated as follows:

: pik g2pi.rex _ , 1
p-'l

where

p -- group index

j = data type index

; _ - numerical value of group p

• 1 Tp/k' Sp/k = pth, jth, kth entries in the T and $ weighting tables, nominally pre-set in the ODP.

_. The Up vahle is computed from formulas stored in the ODP, It may aim) be thought of as u tabular entry as

i_. 1 depicted on the following page.
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°_'i I 1_e ebove option ie r_laeed upon input of • priod coefficients, V_. The wmi_tn ere then
calculatedby ._*

_i where

/_1 = l, when not weighting azimuth or hour angle

cos ?'l

'_'[
_ /_! .... , when weighting hour aegle

{[ 0o.,
•°_ /_2 l, when weighting azimuth angle

_ii is

_[ _ ___,. . whennotwoigh_n,a_imuthangle
(T_ * I) 2

i" -I,__ data sample rate, see,
[

Provision has also been made fc,r unit weighting when the printing of partials is requested. Thus

'-'nthe nor_,al equations, _-1 = I.

G. Mapping of the Covurimee Matrix

rrne statistical information contained in the rovariance matrix I" (t O) may be projected (mapped) to

r, [ any later time t. A frequent application of this procedure in the mapping to the time of impeot/closest

, approach The procedure empioys a mapping matrix

[
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which is en extende_Jmlttdx of variational partials repreeentln 8 edJeetbuated ptremetera 0 . |f the rarutate_
;

set _t 0 consist* only of the six |nitiid coalitions, then ,thin mstri_ ie identical to _o .famlliar,_,U metri_. A

similtr mappi.,8 matrix is employed for includln8 the e_et of the constdere_ p_eter set Q_Os

OOt

The mappingoperationis thenaccomplishedby

r_ , UI_,oUT- V[_ _,r I-I UF- UI'l uF_ VT , I/r_ Vr
I

If no parametersare beis8 considered,this reducesto

l_t = _ r't0 UT

(_e pagelO for definitionsof terms.)

H. EncounterParometerl

l F,nrounter parametersare e_presnedin the | w/stem, whereO is the vector fromthe target ce_te_

of massperpendicularto the incomingspacecraftasymptote. Two unit vectors, T ud I, establisJ_th_

orientationof B. T is parallel to s referenceplane andR is ortho_onslto T in n riqht-hQ_ed ,)_r_em. Jtend

T ,naybe express,ed in an),of fou_referenceplanes:

RO, TO "erBetorbital plane

RT, T T targetequatorialplane

ItQ, TQ earthequatorialplane

Rc, TC ecliptic i_lane

"_e ODP uses the targetorbital plane with u euppl,*mentsryoutpu_in the tsr_;etequato_'ialplQe for the mid-

coursemaneuverprogram.

4O
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_" I .........

i/,a,,'ml 'l_e standard set of encounter parameters M are

" II • II a++defined above

B • T a_ defined above
I

I: tL linearized time o_ flight

$ " RS I dot product.s of incoming asymptote unit recto': S

$ • T_ with standard FI and T vectors

"+ 1 C3 vis-viva energy from two-body conic

The calculation of the above parameters is based on the two-body conic of the probe Nith reference to the

target. 1.'h.uswe have, for the usual hyperbolic case:

I I 2 v 2

a r _z

I
r2 v 2 - (rr) 22

e _ a

rrsinh F

-txa

i
r

_cosh F _ 1 - --

• eP + -",+'o.hI+",- V/_- e,++ah++'r

i
e _/e '+ -I I_ = esinh f" -V_ _ .

r- (e comb F-e 2) r

"' i +a : .<l-e2) e +-0_e--C'-l 0

| 41
1+.e

+

• +
• , ..... +., , +._..+z+ . + . -0 ,. ,+ t+ *

' _ m ,'w. ,, j
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'['hen

B. R =

(_'-eainh F-In e)

t L = t/

VL-;;

C 3

g'here

e = eccentricity

a - semi-ala_,r axis

r _ (_c, y, z) = target centered probe '.,."tor

_ " G '_target

F = hyperboli_ anomaly

If = tnJe time of flight

To express theencounter covariance matrix in terms of the standard parameters, the partials ol the

form OPd/OQt are necessary:

42
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p,

'n _+,
+l
_. The ODP restricts Q to the mix initial conditions in this case. The foliowint; standard deviations are

i.I computed froml":

" I °t = _/l"m(tL'tL) standard deviation in time of flight

i ¢vB = JFm(B.R,B.R) + Fm(B.T,B.T) standard deviation of B vector

crs = crt /-_ standard deviation of $ vector

[
The configuration sad orientation of the target disp ;rsion ellipse are computed as fallows:

_. v/l_ = _ [r_(e.a,e-m-_(e.Te.T)}2+[l_<s.n,e.T)]2I
, I

d = 2 LF_(_.RoB.R)+I'=(B'T,B-T)]

_' a = # cm + dm semi-major axis

• 1 b = "_/em- dm semi-m_nor axis

2 F.,te" R,e. r)

1

,1: 43
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!

III. STRUCTU_,EOF THELINKS
m

"l,_is Section presents the flow diagran,s which outline the computational and logical procedures

employed by the ODP.

44
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APPE_IDIX A. ODP input

A. Cord Form_s

_,xtemal inpui to the ODP consists o| the input card deck, a data tape. and the planetary ephemeris

talc. The cards specify all variables and options which are not a function of ea_'h obser_ati_i_. The deck is

input at the beginning ol th_ i_._,_ram. _ith optional supplementary inputs at the end of each iteration, it

consists of a nnn_b,'r of contro; __rds. between whi_4, are the cards containing the variables and options.

Each deck is terminated b) an e,d data card.

Card input is processed by the sllhroutine ODINP, which was written to provide symbolic and double

precision capabilities with a minimum of format restrictions. The followia 8 i_.terpretations of input cards are

made |>,_ODINP:

1 The characters for the comma, equals sign, and blank have the same meaning, namely,

to separate symbols from symbols, symbols from data, and data from data, Thus the user

may improve the readability of his deck by using equals signs to separate symbols from

associated data and blanks or commas to punctuate strings of symbols and data:

DIAG = 100.. 100., 100., .5, .5, .5

2. If an input number contains a decimal point and/or an E (denoting the power of ten to

which the number is to be raised), it will be converted t{J7094 floating point binary.

3. If an input number contains neither a decimal point or an E, it will be interpreted as an

integer and will be converted directly to binary, i

4. If an input number contains neither a decimal point or an E and is followed by

000000000000/8, it will be interpreted as an octal quantity and will he converted directly !

to binary. As many as twelve oe.tal digits may bt included.

5, If an input quantity is enclosed in parentheses it will be interpreted as an alphanumeric

quantity and will be conver_ed to BCD (binary-coded decimal).

6, If a card contains an octal integer ending in column 72 preceded by a left parenthesis, it

will be interpreted as a control card which in part specifies the conversion and ntoralIe of

the following data. Other punching on this type of card is ignored.

%

\
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I 7. II a card contains a dollar sign punch (not in a BCD message), all punching to the right
of the sign will be ignored.

I 8. All punching in columns 73 through B0 is ignored.

I 9. If an octal integer is followed by the slash sign it will be interpreted as the 709.1. core
storage location for the following datum. Thus, if the octal location corresponding to

I symbol X is 34567, all of the following data w,ll be converted to the same binary quantityand stored in the same locution.

I X = 1.0
X -= .IE1

34567 ' _ 1.
X _ 201_00000000000000000000'8

347:67, : 100 E-2

A description of the control and data cards acceptable to the ODP folh)ws.

I
O1 Epoch

This card is followed by t_o wards ,lescribing the epoch associated with the traj-'_tory. The

format of the words is that used by the Space Trajectories Program, i.e., YYMMODDIIH, LI,SSNNN.

This is interpreted as Greenwwh time ¢,here YY is the last two digits of the _ear. MM is the month,

DI) is the day. lill is shy hoar, 1.1, is the nurtures, NS is the seconds, and XNN is the milliseconds.

All Greenwich times are entered in thE'4 format.

l 02 Probe position and velocity at epoch

This cord is f+)llo_ed by the curie',Ear, positicm and velocity components of the probe at the

epoch. The coordinate system i_ r,,ferenced to the equinox and equator of date. The data is entered

in double precision so more than eight digits may meaningfully be entered for each coordit_ate.

Symbols allowed

_. Y, Z, DX, I)Y, DZ

1
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Restrictions

If this control card is used all 6 coordinates mus,' appear aher the control card.

03 Other parame_r values

Data following this card describes the nominal values of the parameters (other than position

and velocity) that the programis able to solve for. This control card is also used to select options

and input constants.

Symbols allowed

KE, RE, G, KM, MV, MM, MJ, J, tl, D, A!;, C, RI (I), LA(I), LO(I)

NSDIS_ (!) North-South displacement, deg

Eg'DISP (I) East-West displacement, deg

INDEX (I) Index of refraction coefficient (nominally 340.0)

DRIFT Transponder drift, clbs/sec

STEP Initial trajectory step size, sac

BTTPRE Previous B.TT

BRTPRE Previous B.RT

BTFAIM Previous B.TT aim

BRTAIM Previous B.RT aim

TFIIEQ Transponder freq less 960.0E6, cps

XFREQ Transmitter freq less 29.66F.,6, cps

F_NERGY Powered flight energy

DTBURN Powered flight duration i

MOTOR Motorcount 1

SOLAR PRESSUltE OFF (Nominally on for planets) I

LIGHT TIMEOFF (Nominally on) I

REFRAC'IION AND VER'IICAI, OFF (Nominally on) i
|

MMPOUTPUT 1

Pill VECTORou'rPUT

To select the tarRet input one of the |ollowingx

TARGET - (MARS)

.................... .,._ ,_*_;_
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i TARGET = (MOON)
TARGET * (VENUS)

i Nominal target is (MOON).

To change the area, mass, or gamma B o| the spacecraft, input t. e target subset of the following

I symbols followed by the changed parameter(a):

AFIMARS Nomiqal _1.12

I MSMABS Nominal 259,00

GBMA RS Nora inal .096

i AHMOON Nominal 2.789

MS_,IOON Nominal 340.20

GBMOON Nominal .000

AFIVEN Nominal 3.83

i _SVEN Nominal 198.22

GBVEN Nominal .383

[
04 Estimate these parameters

[
05 Consider these parameters

These cards are followed by lists of para_,eter oases which tell the ODP to estimate

(consider) the corresponding parameter. No numeric data is required.

Symbols allowed

X, Y, Z, DX, DY, I)Z, KE, fiE, G, K.V.,MV, MM,MJ, J, il, D, At;, C. Rl(1), LA(1), LO(1)
(i is the station number.)

Restrictions

• [ No more than 20 symlx)ls may follow either card.

06 Reiection sigmas

[:f: The above card is followed by data indicating which of the observables are to be checked for

_,, [ possible rejection of bad points. If a symbol is accompanied hy a numerical value the observation
will be rejected if the absolute value of the residual exceeds the input value.

57
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_/mboJs allowed

R(l),Dq(l),EL(1),AZ(D, ,)EC(1),IIA(D.CI(I),CC3fIL CS(D, DI(1),D3(1)

07 inverse covartance matrix of estimated parameters

10 Covariance matrix of estimated parameters

11 Covartance matrix of considered parameters

These cards are followed by the ind.ieated m.atrices, l_.."re are three options available for

the format of the input cards.

1. If the input matrix consists only of diagonal elements the symbol DIAG may be followed

by the diagonal element_.

2. Each row of the matrix may be entered separately if it is preceded by its corresponding

symbol. The symbols for the rows are R01. II02, R03 ..... R19, II20.

3. The matrix may be entered with no symbols. In this case the operator must keep in mind

that the matrices are stored in a t.'ortran ty?e array which is currently compiled as a

20 ," 20 matrix. This means that if the input matrix is of din_ension N each row of the

matrix must be followed by 20-N zeros.

Symbols allowed

DIAG, I101, !102..... R20

Re:,:i ctions

1. if a covariance matrix for the estimated parameters and its inverse are both present in

the input data the last matrix entered will be used.

2. The dimension of the matrices must agree with the ttumber of parameters following the ""

esti_nate (consider) control card and in addition the parameters in the matrices must have

the ordering tabulated above.

13 Ddete these do_a types

This card is followed by the names of the data types the operator wants to delete from the

least-squarer fit. The ODP will behave as though the data tape did not contaln these data types.

\o mmleric data is ,'squired.

58
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I Symbols allowed

R(1), DR(1), EL(1), AZ(1), DEC(1), flAU[), CI(I), CC3{I), C3(I), DI(I), D3(1)

I
14 Statiotics, plea, and/or print residuals for these data types

i Designation of st, least one data type for each station is necessary for the calculation of

_tati_tics.

This cu_d is ,_oilowed by the names of the data types _'ho_e residuals are to be printed or

piotted. If a numeric field appears it will _,e interpreted as the scale factor to be used by the
plotting routine, if no numeric field _pcsrm nominal values tabulated in the appendix will be used.

, The plotting routine nominally plots one hour of data per frame, "]'hetlme scale on the plots may be
changed by reading the floating-point number N into location ."_,q.R,where N is the number of h_ ,, <

per fran,e.

At present the routine tries to put 3 plots (vertically) per f.rame. If less thJn 3 dut_ types

from a statioJi _re requested the frame will be divided into I or 2 plots a('cording to the .umber

requested. If more than 3 dat_ types from one station &re requested the first plots wli] be divided

into 3 subfields and the remaining plots will he divided into N (mad 3) subfields, where N is the

number requested.

Symbols allowed

H (I), DFI(I_, r/.(1), AZ (I), DEC(1), IIA (I), {'I (I), {:C3(I), C3 (I), DI (I). D3(1), NHR

Restriction s

A maximum of 8 data types per station may be requested.

IS Nominal values conasponding to covarlence matrix

If a covariance matrix for the estimated parameters ¢¢ its inverse is entered the values of the
estimated parameters associated with matrix may also be entered, 'l_ese values follow t_is control

card and must be in the name order as the parameteru in the matrix.

Note, if nominal values for the parameters are not entered the program v,ill set tSe nbmtnal

values to the initial estimate of the parameters.

l
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Symbols allowed

None

16 Weights by data type and itotio;i

Normally the ODP computes the weight for each data type fro:l_information the TDEP puts

on the frocking data _le. "l_heoperator ran override this feature b) following th_ abo_e card i_ith

welghts (sigma rather tL_ansilesia squared) for any or all of the data t)l:. lleights must be specified

in this manner when fitting an O|)P-simulaled dllta t_pe.

Symbols allowed

ll(i), DR(I), l"L(l)..t,Z (1), DI:C(I). IIA(1), CI(I]. (:C3(!), c3{rl, Di (!). D:t(1)

17 Pointi.-ig times, sample rote, count times

As the name suggests, date G41owing th_s control ¢;Lrddefines the amount of output obtained

when the program is preparing s ,lain tape or ¢ompllting pointing predieti(,ns. _i svmb,)llc nar.0_ is

associated with each of tile IF, possible tracking stations, and each name may be folh)_ed b) one,

two. or Ihret: gr(;ups of data. The fonnat of each group is as follo_'s: first time, last time, sample

rail,, count time. Pointing predidions (or a data tape) will be rlenerated f{ir the hldicated station i[

the probe is above station's horizon anytime between the first time and the lllst time. The interval

between pr_'di(fi,;ns is defined by the sample rate and any requested doppler talcs!asians will be

ba_ed on the indicated canal time. "[he two tinles are breenv, ith tln_e and arc c'oil_b,sed of two words

each, as defined elsewhi;re. 'rh_. s_z_iple rate and the ('aunt tilne are givep as floating point seconds.

._s an example. JI'TPd]'S,,_- 620702103, 0. 6.°,0_P210L 0, 10.. 5., r_20702107, 0. 620702109, 0. 30., 30.

instructs the program to generate pointing predictions for !he MTS eve;), 10 sac betseen 030000Z

and 040000Z on July 21, 1962 with a doppler averaging time of 5 t_='. Point!ng prrdidions g'ill also :._
J

be generated for 070000Z to 090000Z on the same day hit _sith a 3G-see samp!e rate and ,'_0-aec <'4_

doppler averaging time.

Symbol s allowed

JE'rMTS. JtTl'GI,2, .IE'rGI,3, O_IJET, .IOliJ ET, AYrGIiA, .4_;Er',& PU Elt'l_, ,lt,llli,[,s'r.

JODREI,. "" ' )"!,1C.41 !':. tlAIIA.IilA, SA'_S.41,, IIAII'AII, "I'IIINID

60 _i-

%.
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; i 21 Data tape slims
_,, If _ data tape is beinS prepared the data types foUowiog this card will be entered on the

' [ ODP data tape. If a homeric field appears with a symbol the prosramwill put a normally diotribu*,ed
randomnumberwith mean zero on the calculated value o_ the data type. The one-elsise value o/the

I distribution is set to the v_!_e f_llowing the symbolic name of the data type. If no numeric field
follows a ,wmbol the one-algae value of the diatribotion is set to zero.

Symbolsallowed

I R (I), DR(I), El, (D, AZ(I), DEC(I), HA(I), C1 (I), CC3(I), C3(I), DI (I), D3(I)

22 Dnta tape bias

!
, Same as the above except :hat _'henumeric field indlc,,tes the constant. "[11eOD_ will add to

• [ the calculated value of ear_ data type.

23 Pegsheading
Up to 11 BCD words may f,dlow this control card. The comment must be initiated with a left

[ parenthesis and closed withn right pa-enthesis, The comment will be printed above various output
_ groups.

_. 24 Mopcovarlcmcematrix to

TI,in car_. i_ [o[Ic.wed by up to 12 monotonically increasic 8 Greenwichtimes. Th.e covariance

matrix from the previous |_emtion will be mapped forward to these times,

!" [,_ Symbolsallowed

- [
[

_i! 26 Tr_mitto7 ID table

The _ta following this control card defines the transmitting station as a function of time.

This data is required only wl_en senerafirl; date tapes or pointioll;prediction since the TDEP

, identifies the transmitter for each time point appearin_ on the ODP data tape. The formatof the

• _ "_-_o

1964014209-065



JPL Technical Memorandum No. 3.1-168

-t ............ i ..... , i

J

t t,anssn,lt,*r tal, l,,_ i_, X(]), "rBIE(I). X{2), TIME(2;, ..., XfI), TIMK(I), each X iM made up of 2 parttq, the

! transmitter number (IX) _md the traw_nitter frequency (F'RF:Q), for example station 3 tranBmitting with

.'l frequency of 8383.5 wrmld be 3838350. Each tim,: is _ Greenwich time in the standard two word

i |-r, nat. The int-rpretdtion (,t die table is as follow_. _tatjon IX(l) is transmitting with a ]"RI_QfI)

! until I1_,t1':(l). then ,fulton IX(I* 1) i_ transmittin F with n I"HF:Q([ _1) until ']'i_,|F,(I, 1_ etc.

! l\(ll - 0is interpr.Led a. the tran.ponder and TI%, '(i) =Oi_ int_q)reted as infinity. _11cli generutinLg

i a d_.ta ta;_e onl+, one type +,f doppler w, II he all,,wed per time point. If .It three dopph+'Ptypes .r,,
t

requested f_Jra re,.ei_ing .italian (see data tape' si_rla control f'tlrds), the foJlo_ing r-dies detemme

the doppler type that _ill appear.

J. if elevation at station ]X is negative set IX _0

2. If IX :0 omit (;(_3 and (:'_

,I. If IX t. Ill ," 0 omi! C] _*ndCC3 _here II| i. the receiver

_.. I,t IX . Ill (,mit C1 and (]3

_h_'. pun_'hin_ I,.intin_ I,Jedictions the ah_ve ruh.s apply _ith the exception that CI is

r,exe! o,nitl_'d.

Symbol_ oHowed

_Ol, e

Restrictions

A maximum of 134 I X-'I'I_IE pairs Is allowed

27 Offllno control

This opt,on ,1lion,s the user to set up and suixnit _ases which do not require a special

operator. "lhis is done bv simulating the fun('li,,n of the console key_. A_ an example, o data , ard

reading KF;Y_J). KE_(S) w.uld c'au-e keys 2 mid 5 to be set. '['.,ia control card must be preient

each iteration to set d,e keys h,r that iteration. The card_, for eath iteration mu_t be followed r'I' an

end data card. A data _nrd reodi_g 'terminate job' mu.t be included at the _n4 of the _,_c_ to prevent i

indefinite iterating, i
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i 5TI,IBOI .S AI.I.OITEP OP'I1OS \ I;:I.:D(,O_'rltOl_ C-t !t1),',
KEY(2) Simulate 'I'I)EP data tape 1.2.17.21

I KU_i't $) _|ap forward to inpul time .2.21
KI':_'{5) ),tap to entounter {2

I Kl'Tf(6) Reji, tt bad point.'., ._'.6
kF]'_ (9) Punch data in "1'!}!']!"f,,rmat ,2.17.-'!.kl"_ (2_

I KF_ (12_ I)unch pointing predicls .2.17.K'._ i 1:3)
KEY(13) P.intlnl_ predictions :2.17

I KI']_ (1,11 Statistic'... :2.1
KF:Y(15) Angle pit, is .2

I KEY(161 Residuals 1.2. I 1
KEY(IT) Tinle plots 1.2. l-I

"I'EiI'_ilN.VI'I'] JOB

I 30 9urn start time
This time, in the usual Green_ich forulat, den.les lh_ beginning .f the p._ered fl,v.hl.

[
31 Spherical injection conditions

I l. place of cnrtesian illie,"'.ln cmldition% the userin,l_ int,ui ._l,h.ric,d t-n,liti.rls under this

t'ontrol card. Tht, spherical _'onlliil_,ns are transf,_rnled t,, t alle,'-_dll t nn,Jiil:.).., at IIIptll tilnt'.

I Symbols allowed

IIAD, I,A'I', I.O_,f;, VE, EI.I,I. WA'.

" 32 Occultation times

Thi,_ data type is input h._ card, rather than throulzh the 'l'l)l']P '1'_,+.,'tuhation times appear

on each card. "ltle format is O(:C\ T]. "1"2,v,elght, rt'jec'ti,m ..,igtn,l +_here TI trod 12 ate (;rt.enwich

times in the usual format.

Restr,ctions

Only stations I through 5 permitted. 1t".nl_ '_ne thne is t,) be used then 'i'2 roll:St_t: 0.0.

|
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Symbol• allowed

OCCI, 0CC2, 0CC3, 0CC4, 0CC5

33 Impact time•

Same as occultation time, except that only one time per stati,_n is input. The format is

IMPX=T. weight, rejection sigma.

.r_estrictions

Only stations I _rou_h 5 permitted

Symbols allowed

IMPI, IMP2. IMP3, IMP4, IMP5

O0 Enddata

This card must terminate each set of control data read by ,he ODP.

B. Tapu Formats

The data tape may be prepared by either the TDEP or a simulation nm on the ODD. It con-

sists of a numberof logical records, each of which contains the data observed by a station at one

time. The tape read and write routines use buffering techniques; therefore a physical record on this

tape may contain several logical records, nonnally between 10 and 20. The logical record formatis

as follows:

_'ord Number Description

I - 2 Time, double precision seconds past 1950.0

3 Transmitter frequency less 29,66 E6, q _ 0
Transponder frequency less 960.0 E6, q ,, 0

4 Pus identification in BCD

5 Codeword (see below)

6 First observation

7 Bits 1-18 weight code, bits 19-35 sample rate, sac.

8 Second observation, if taken

9 Second weight-sample rate 2!

64 l
x
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I WordNumber Description

I 2n + 4 nth observation at this time

i 2n + 5 nth weight code-word
The logical record has a variable length of 2n , 5 words, where n is the numberof observations at

I this time. 'l_.e weight code portion of words 7, 9, II, --., 2n + 5 is not fu_.+dshedb) ODP simulations.

The codeword is constru:.ted as follows:

I Bit Number Description

$ Not used
! I if Pi in this record

2 Pi3 "y,

4 _'z5 _+

6 a+ or _ri7 fli

8 f+,_i

I0 re1,11 - 16 Not used

17 1 if optical ar_ and 8i in this record18 - 21 Transmitter index, q

22 - 25 Receiver index, i

26 - _ Doppler averaging time, i

The planetary ephemeris tape is described in fief. 2 in the section on subroutine INTR, which is
used for interpolatiOnof the cphemeri4es.

'lSe probe ephemei.imtape ms described previously consists of a series of 392-word physical records.

Each physical record contains eight 49-word records in the followin 8 format.

[

+' , ,
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Word._ember Description

I - 2 Tim0, double precision seconds past 19.50.0

3 - 8 x, y, z, _, _, z of probe, true equator and equinox

9 - 44 U matrix, ar/#r 0

45 Nutation in longitude,

46 Nutation in obliquity, AE

47 - 49 x, y, z"of probe
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, APPENDIXB. ODPOutpttt

Output to the user may be on printed pages, punched cards, or plots. The follov, ing output items are

automatically printed during the iteration:

1. last of card input.

2. A priori covariance matrix.( F).

3. Inverse of a priori covariance matrix.

4. Trajectory information.

5. J matrix.

• 6. J matrix correlations.

- 7. Selation vector and statistics.

8. Inverse of J matrix.

9. Cov,lriance matrix (F).
10. Covariance matrix correlations.

The following output items are obtained on option:

Printed page

i. Residuals, _omputed observables, weights and freq_enc'ie_ _orted b) tlme a,d st,_tion.

2. Summary of residual statistics sorted by statiorj.

3. Rejected data points.

4. Pointing epilemerls sorted by station and list of (;,4dst_mr drive tape.

[
5. _,lapping matrix.

6. Mapp_'d covariance matrix, from epoch to specified times, or from eporh to target enc,,unter.

7. Position and velocity of p_obe at mapping times.[
[
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i 8. FAcounter parameters.

9. Encounter statistics and matrices.

_ I0. Supplementary printout at data times-tlme, po)be and planetary vectors, data partials.

)

! Punched cards

1. Mapped eovariance matrix

2. Pointing ephemeris and Goldsto-. _ drive tape.

3. Encounter information for Midcourse Program.

4. Encounter information for Matrix Manipulation Program.

5. Simulated tracking data for Tracking Data Editing Program.

Plots

1. Residuals vs time, sorted by station and data type.

2. Angle residuals vs angles, sorted by utation and angle type.

A binary tape for the Matrix Manipulation Program, containing data partials and mapping matrices, is

generated on option. ',

,All output to the user which is to he printed, punched, or plotted, is written on one 7094 tape. At the

conclusion of the ODP run, the tape is processed by a speczal 1401 program.. The printed pages and punched i

cards are obtained at this stage. Also obtained is a special low-density tape containing plotting information
|

for the SC-4020 plotter.

The following symbols appear on the output listings. The corresponding symbols used in this report **

and the defiuitions are given: I'

Output symbol Report symbol Definition [

x *t tY y t,osition of probe, 8eocsntrte equatorial tree of date, kin 1

Z :l iDX ;,.)
DY y _ velocity of probe, geocentric equatorial true of date, km/sec _;

68 _
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I Outputsymbol RepOrtsymbol Definition
KE GJte gravitational constantof earth, kmS/sec2

I RE Re eqnntorml radius of Earth, kmG 7B solar pressure constant -_

KM GMm gravitatiou_._onstant of Moon, kmS/sec 2

Yv mass Venus, masses
MV of solar

MM Mr mass of Mars, solar masses

I MJ _Ji mass of Jupiter, solar massesJ / second harmonic coefficient

H // third harmonic coefficient

i D D fourthharmonic coefficient
AU ae astronomical unit, km

C c speed of light, km/secRIO) Ri radius of earth a'tstation i, km

LA([) _i geocentric latitude of station i. deg

LO(I) k i Iongi;'44e of station i, deg
R p sla.t range, km

DR /_ slant range rate, km/secEL / elevation angle, deg

AZ _ azimuth angle, deg

DEC _ declination, deg
HA _ hour angle, deg

C1 ].1 one-way integrated doppler frequency, cpsCC3 fen coherent three-way integrated doppler frequency cps

C3 ]'3 three-way inte_ated doppler frequency, cps

D1 fall differenced one-way integrate] doppler frequency, cps
B t B [ vector from target center of mass perpent_icular to probe

asympote, km

[ B.RO B.ROl dot product., target orbital plane, km

B.TO B.T o )

[ B.RT B.Rrl

B. TT S .T T ) dot products, target equatorial plane, km

TL linearized time of hours(lunart L flight_ missions) daysor

TF g[ true time of flisht, hours (lunar missions) or days

SMAA a semi-major axle of dispersion ellipse at t,.rget, kmSMIA b semi-minor axis, km

THETA 0 inclination of dispersion ellipse to target orbital plane, deg

DEL T standard deviation of linearized dn_e ofO"t flight, SCC
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Output syml_ol Reportsymbol Definition

D_ B o B standarddeviationof B v_ctor,km

DE[, S crS standarddeviation of asymptoteunit vector, _.m

C3 c s via viva energy, km2/sec 2

TC I- doppler count time, sec

Q q transmitterindex

FRQ ( fq if q _ O, station frequency leass 29.66 x 106 cps

fT" if q = 0, probe frequency less 960 × 106 cps

The following pages of this Appendix contain representative listings and plots.

7O
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APPENDIXC. Operation of the ODP !

l't,_ f,,ilo_ing 7094 console sense switches, sense lights, keys, and tape units are applicable to

_ji)_: ,.i,etatjo,:

• .a .',_-.".: _I ,-_,_... I)own lip

'1 Interrupt ODP-dump on BO No interrupt

:_ Read card+; on-line Read cards from A2

o Print trajectory" inlonnation on-line No trajectf_ry I.riat on-line

"..1-: I .,.t.:._. On qlf

i Operational mode (+S.SSup) l;tility alode (S[+ 2 off)

? Operational mode-powered fligh, "_rctietions only lltility mode (SI. l off)

f. .... _+.-K, _.,

t Read fards at end of iteration

: '_ritc _imulated data tape

1 Map (',)xarlance matri.x to input times

. Map covdriance matrix to encounter, then read cards

+, I|eject bad data points

": 1)- predl,'tion.,, _ithout rewriting probe ephemeris, then read cards

'_' I)un¢h simulated data for 'FDEI _

_.' l'unch predictions

t ! i],+ predicli,m,,
..

I I last data st,_tistic._

l, l'lot angle residual.,+ v._ angl,'s
f

i_ I ,st re,.iduals

I. Plot resldual.n vs time

2'_ I'_rlnt ent't_unter stati.mlics ,,n-lin,.

2t) Print mapped matrices t,n-line

_0 }_rint rejectt.d data on-line

31 Print data statistics ,m-hne

_2 Print residuals <m-hn,: t1

+._ Print computed matrices on-line

_1 PriP._ input matri ces on-line

3 ; Print ,solution vector on-line

112
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*'; I J ''

J

: 'I Tape |Jnite
I

AI JPL Fortran !! system - used if on'or dump is taken

._ I A2 Card input tape i[ SS5 up
II A3 Printed output tape

A4 Scratch tape - sorting

"_- I A5 Output tape for matrix manipulation p_gram

._, II A6 Scratch tape if SS5 down - .,ortlng

• I A8 JPL planetary ephemefi.n tap:
4 !_i A9 Scratch tape - common storage dump

i_;' BO Program dump
inlerrupt t_pc

_- B2 Scratch tape - sorting

i B4 Scratch tape -- sorting

*_* B5 Scratch tape - residual

_ I B6 ODP progrmv, tape

°_ I B7 Data tape (TDEP output or ODP simulation,
!]9 Scratch tape - probe ephemeris

_ A job may be run on the tap(: ODP in the on-line utility, prodcction utilit), Mroperati,,nal .,v,,de._. I't_e

_:-i following sequence should be observed:

i! I On.line Utility Mode_t

._" 1. _t.ount required tapes.

_.. 2. Depress sense s_iteh 3.

_!: [ 3. Depress applicable keys - normal settings are

ii 1 1, 6. 14, 16, 31, 35 for orbit detemfination and residual output_(. I. 12. 13 for pointing predictums

_, 5, _ for mapping to encounter

4. Ready card reader with input deck preceded by I,OAI) Bo card.

f_, 5. Depress I.,OAD C._RIIS butts1 on console.

l 6. If key i is do_,, card reader will select between ileraliont,.!
_',_i [L 7. When desired operations are complete, as evident by the on-line printout, print .'-atput

'_'_ I tape V3on 1,101,
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Pmdvt_imUtilityMade

1. Fill out pink job request oe_ - include required tapes. I

2. Follow job curd by deck consistin S of:
]

,i. Job ID card(FortranII system) i
!

b. * XEQ Card !

c. B6 louder (two cards) i

d. * DATA card

e. ODP data deck - same as above but must include OFFLINE CONTROL for key

settings. KEY (I) unnecessary.

f. End file card

3. Submit deck as standard 7094 job.

Operotional Mode

l. Mount required tapes.

2. Raise all sense switches and keys.

3. ODP will be called by TDEP (or powered flight program for predictions), _vith appropriate

sense light on.

4. When card reader selects, input cards containing epoch, initial conditions, rejection

sigmas, and transmitter frequencies only. (The epoch and initial conditions are transmitted

in core by the powered flight program).

5. Card reader will select between iterations for additional input of rejection sigmas.

6. After convergence, pro_'em will map to encounter.

7. Afte" mapping, card reader will select for additional frequency infon._stion for predictions.

8. After predictions ere printed, ODP will call trajectory fine print program.

Nonstandard events during the operation of the ODP are denoted by error messages printed on-line.

The following messages signify unrecoverable errors and require • restart of the pro_um.

114
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'_r' '1 f, ii .i J i

i WRITING

i Change scratch tape B9 and/or clean tape read-wrlte heads.

fat TIME IN DBH07 GREATFR TIIAN I,OOKUP ARGUMENT.

I Program has tried to process data before epoch.

I,AST TIME IN DBiI07 LESS "IIIAN LOOKUP AIIGU'dENT

I Normally a machine error.

I INJECTION CONDITION = O.Correct input deck.

I POINTING TIME I,ESS THAN EPOCH + H/C.

Correct input deck so that light time correction _ill not adjust input time before epoch.

I ERROR RETURN FROM MARK.

I Trajectory link has tried to integrate to a time before epoch.
FPtIEMEHIS ERROR AT LO('ATION XXXXX.

I Time not available on planetary ephemeris tape. ornon-recoxerable redundan_'y on this
tape (AS).

I PROBE. I._IPACTED EAR'I'II.

Normally an error in the injection conditions.

1 The following comments signify an error condition, but the program _*ill continue to

operate:
INV COV MATRI\ ES'FI_LATFT) P_R,_METERS \Of x; * _,.

I COV _IA'I'RIX CONSIDERED P,,'tRAXlETF:liS NOT '_1* M.
Possibly an input error, but also occurs when a matrix has been intentionally omitted.

I _'EIGIIT (data type) FOR STATION (name) = 0.

Normally an error, but program will continue b) depressing c,msole START.

I READ ERROR. CliECK DF'CK, PI,ACE IN REAl)Ell, lilT START.

I The second card fed out of the reader contains an error. The program expects a ('orrectedc,rd. but a complete ODP restart is not necessary,

I
115
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,amman _ . i ' i n n _ . u il "_k

REDUNDANCY ON TAPE XXXXNOTED BY KINE.

A record of residuals or predict{oo* will not appear in the li*tla 8, or _ record of trackin 8

data will not be processed.

VARIABLE NO. XX REJECTED BY DIAGONALTEST.

A row and column deleted by matrix inversion.

t

Certain messages are printed as an aid to the operator:

/ ITERATIONS COMPLETE.

ITERATION jGENERATED k PLOTS. ..

CONTENTS OF TAPE B7 WILL BE DF_TROYED. PRESS START "IX)CONTINUE.

TARGET (MOON,MARS, VENUS).

OPERATIONAL MODE.

HEAD PREDICT DATA, CLEAR KEY 8WITIILAST INPUT.

CURRENT ITERATION BLEW UP. PRO(;RAM WILLUSE OLD O.

(Operational mode only -program reverts to previous solution to compute predictions)

4_j
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_*i APPEHDIXD. ODPSubroutines
i

_' I OctalName Description Length

J
: U ABDD Obtain dot product 27

ADD Adds in double precision 31

i:' A_ME Read sort scratch tapes 314

I ANGPLT Writesresidual vs angle plots for SC-4020 600\
;4

_ AQUI Prints and punches predicts and drive tape 740

ARSIN Calculate ARCSIN, ARCCOS in degrees 144,
/

¢; ARTAN Calculate ARCTAN in de_ees 102

'|" BAD Print rejected data 103

_' BEER Initialize core storage 70

i BIBCD Converts binary numberto BCD equivalent 55

;_ BILL Write sort scratch tapes 4161

BMATRX Computes partials of accelerations with respect to physical constants 1252

CALL Logical control to obtain residuals and partials 616

I CA1S Calculate station location partials 614

CI,OCK Sense printer clock 60

I COEF Calculate doppler coefficients 3,56

_, COL Calculate g term in weighting scheme 370

_: COMAP Control programfor mapping link 241

COMIMP Computes matrix for mapping forward 1320

I CORE Control programfor trajectory llnk 353

COROP Calcuh te optical refraction corrections _.70

,, CORR Calculate refraction and vertical corrections _4

_. CXPLOT Writes SC-4020 compatible format for plots 3320mD_

I DATAPE _rts simulated data on time, writes on scratch tape 2_0

DAYS Convert seconds to day's 31

°'|_i DECOD Decode weight codeword 37

DIAG Obtains the square root of diagonal of _ matrix 103

I DI('OS Calculate partial coefficients frmnangles 170

1
I1)
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Name l)escription Octal
Lehigh

DMOD Double precision modularpackage _t20

DOPLR Calculate data types 1163

DOUT Print, punch routine 1662

ENDIT Obtain solutions for parametet_ !522

ERROR Pri_,t error messages 350

• EXP(3 Calculate exponential 36

FILL Writeresidual tape 1040

FII,'i' Writesimulated data tape 1050

FIRST Control programfor initialization l.qk 127

FIT Controi program for data processing link 71

FiXT Convert Greenwich times 310

FORM Form phi and theta vectors• Accumulate ] matrix 735

(;._MAT Integrate physical cr,nstants acceleration partials 562

GEBPU Punch DM'DQ matrix for matrix manipulation program 55

GERTA Writephi vectors on tape for matrix manipulation program 205

GI{ADP Calculate (;re_fnwich hour angle 307

GIG2 Con:outes gravitational coefficients 255

IMPAR Calculate impac't ti,_e partials )7 L

INSPC Invert I' matrix 305

IN*I'RI Read and irlterpolate planetary ephemerides 2216

IXTAB Look up transmitter II) and frequency 12.5

JUDY Punch simulated data 1027,

KINE liead Jata tape 326

LOG Calculate vatural Iogarithr, 67

IX)OKISP Read._ prohe ephemeris, does 6-point interpolation 1320

MAMUL Performs matrix multiplication 124 _

MAXIM Determines pe,',_d which probe ephemeris must cover 3,36

MOCT Obtain latest observed occultation/impact time 106

MONRED Leads trajectory progrem after convergence 0l

ND2F Randomnumbergenerator fromshare sul_'outine 50 ,_-

:i

I Hi ,,,
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I .....
•'_''*"_ '"'" "*'7/.<-._._."* Lu#_

.....
iii ,s*,l A,vNO i. !!,<i_l!i.Iremstllx os dl ,_._-x_. 247

NOUT ; ,Pilnt inversion ellora 53

I OBTOX _,!_!!lt intermedimtedata partla!i tliO

(CIM .. Cl_¢!late ocmlhaliou/impa©i times lllS

I OCPAR ,Csienlate occultation time partials 516

ODATA ttead di_ts cards 20S3

I ODINP Convert input to binary 2005

OFFSYS InterruptODP 1176

I OPERA Set nomina', values, operational mode 142

OPKEY Set keys for operational mode 37

I ORBEQ Rotate encounter parameters to target equatorial plane 167

OZ Control pmg|_m for encounter calculations 160J I'

I PABAM Print encounter statistics 1051

PERNOD Calculate data statistics 454

I PM360 Adjust ang|e residuals by 360 45

PNUT Obtain precession, nutation matrices 354

I POINT Sort predicts on time, writes on scratch tape 532

PRAMS Stores mapping matrix for print in next link 672

I PREDA Control prosrem for predict-data simulation link 140

PRIM Prints and in some cases punches matrices as reqi,_ested 1154

PRINQ Prints solution vector 354

PRINT Control program for printing link 160

QUEST Checks inp',t times for light time correction 163

QUIZ Test keys 25
IP

_. [ RATES Calculate range, ranse rate 672

" RCAL Computes coefficients for RE, AU partials 204

1 RCO_ Computes coefficients for KM, MM,MV, MJpartials t31

~ REA[_ Control pro_m for data int,ut liak 210

_EJEC Constructtable for rejecteu points 5_

.[
,! I1,
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Name Descrtpdon -' Octal
Lsd,

RESID Control p,,_'ac, for :efdual ontlmt llnk 137

RESP Writes residua_ vs tint_ p_: _s for SC-4020 1622

REVRT Save previous _nlut_,.) _._even;, of er.or 205

ROT Rotate ephemerides 130

ROTAX Rotates true o! date to 1950. DP. positive and velocity 447

P_SIG Computes summation hr All partial 64

SETUP Sets up data required by trajectory link 111

SIN Calculate sin, eo_. degree argument 142

SORT Control program for statiqn sort of predicts 173

SPHX Conve_t spherical to cartesian 323

SORT Calculate square root 60

STORE Stores data each end-of_step for probe ephemeris 14._

STPBEG Invert matrix 1650

TAPE _'rites proo_ ephemeris t_pe 672

TttARP Logical control to sort residuals anti predicts 62'2

TIMER Obtain light time correction 132

TNOP_M Normalizes a 6 × 6 matrix on diagonal terms 247

TRMAN Saves time of closest approach 10

[:M.A,T Calcu late en cmmter statistics 2F,00

VL'C Obtain cross pr.duct 17

lt'AIT Obtain a priori weights 323

gASll Print phi. theta vector:_ 221

X[,I_8 Computes accelerations 343

(DFAD) Double precision arithmetic package 120

_.'.,: : _'_ .-',1
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